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The sheep spine is widely used as a model for preclinical research in human medicine to test new spinal 
implants and surgical procedures. Therefore, precise morphometric data are needed. The present study 
aimed to provide computed tomographic (CT) morphometry of sheep thoracolumbar spine. Five adult 
normal Merino sheep were included in this study. Sheep were anaesthetised and positioned in sternal 
recumbency. Subsequently, transverse and sagittal images were obtained using a multi-detector-row 
helical CT scanner. Measurements of the vertebral bodies, pedicles, intervertebral disc and transverse 
processes were performed with dedicated software. Vertebral bodies and the spinal canal were wider than 
they were deep, most obviously in the lumbar vertebrae. The intervertebral discs were as much as 57.4% 
thicker in the lumbar than in the thoracic spine. The pedicles were higher and longer than they were 
wide over the entire thoracolumbar spine. In conclusion, the generated data can serve as a CT reference 
for the ovine thoracolumbar spine and may be helpful in using sheep spine as a model for human spinal 
research. 
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In vitro experiments are useful in providing basic 
understanding of the biomechanical and functional 
features of the spine, and thus more insight into the 
physiological and pathological functions. Furthermore, 
new spinal implants and surgical procedures are often 
tested pre-clinically on cadaver spines [1,2]. 

Human specimens are preferable for these models 
because they mimic the physiological situation as much 
as possible. However, there are some difficulties in using 
the human model, such as obtaining it fresh especially 
from a healthy population and in large quantities in order 
to obviate the wide scattering effect associated with 
biological variability [3]. Moreover, in vitro studies do 
not provide time-dependent changes of biomechanics, 



histological and functional behaviour after applying 
instruments [4]. Therefore, animal models represent a 
suitable alternative, these being available and having 
more uniform geometrical and mechanical properties 
than humans when selected for breed, age and weight [5- 
8]. 

To mimic the human spine, an appropriate animal 
should be used which has biomechanical characteristics 
and anatomical dimensions of the spine as similar as 
possible to those in humans. Furthermore, precise 
geometrical data of animal models are needed for 
mathematical models [9,10]. The sheep spine is frequently 
used as a model for human spinal orthopaedic researches 
and is well accepted due to similarities with humans in 
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weight, bone and joint structure and the bone remodelling 
process [11-14] Moreover, sheep are easily available, 
inexpensive, easy to handle and well accepted as an 
ethical animal model [15]. 

Computed tomography (CT) is a non-invasive imaging 
modality which has been used extensively in human to 
perform in vivo morphometric analysis of the spine 
[16,17] and describe the normal variation in size and 
shape of the human vertebrae at various spinal levels 
[18-20]. 

Measurement accuracy represents the core of 
morphometric studies. Therefore, the factors affecting 
the accuracy should be addressed. The accuracy of the 
measurements based on CT images is affected by 
scanning parameters [21] and viewer control setting 
[22]. 

Morphometry of sheep thoracolumbar spine is 
essential for the design and interpretation of results 
derived from studies which contemplate their use. This 
study aims to provide quantitative reference values of 
healthy ovine thoracolumbar using CT. 

Materials and Methods 

Animals and anaesthesia 

To reduce the numbers of animals, 5 female Merino 
sheep without any history or clinical signs related to 
spinal diseases were included. The mean age of the 
sheep was 2.0±0.1 year. Mean body weight was 
62.0±5.3 kg. The study was approved by the Animal 
Protection Agency regional office Leipzig. 

Each sheep was fasted for 24 hours and deprived of 
water for 12 hours before being premedicated with 
0.1 mg/kg atropine sulphate (Atropinum sulfuricum 
0.5 mg Eifelango®, Eifelango, Bad Neuenahr-Ahrweiler, 
Germany), and a combination of 0. 1 mg/kg butorphanol 
tartrate (Alvegesic®, CP-Pharma GmbH, Burgdorf, 
Germany) and 0.2 mg/kg midazolam (Midazolam, B. 
Braun; B. Braun, Melsung, Germany) administered 
intravenously. Anaesthesia was induced with 3 mg/kg 
ketamine chlorhydrate (Ursotamin®, Serumwerk Bernburg 
AG Bernburg, Germany) intravenously. After endotracheal 
intubation, anaesthesia was maintained with isoflurane 
(Isofluran CP®, CP-Pharma GmbH) delivered in oxygen 
through an endotracheal tube. 

CT examination 

The sheep were positioned in sternal recumbency and 



intravenous fluid bags were used to obtain a 
perpendicular position of the spine relative to the x-ray 
beam of the gantry. Contiguous slices were obtained 
from the cranial aspect of T2 to the caudal aspect of L6 
with a multi-detector-row helical CT unit (Philips 
Medical Systems MX8000 IDT 16, Hamburg, Germany). 
Technical settings were 120 kV, 200 mA, 0.75 second 
tube rotation and a pitch of 0.438. The data were 
reconstructed to a transverse and sagittal image series 
with slice thickness ranging between 0.3-1.2 mm using 
a high-frequency image reconstruction algorithm (bone). 
Window width and level settings were standardised for 
all measurements (window width, 2000 Hounsfield 
units; window level, 500 Hounsfield units). The CT 
images were reconstructed using multi planar reconstruction 
in transverse and sagittlal planes. Transverse images 
were reconstructed parallel to the cranial endplate of the 
vertebral body, whereas the sagittal images were 
reconstructed at two levels. The first level was at the 
midsagittal plane of the vertebra to measure some of the 
vertebral body and intervertebral disc dimensions. The 
second level was at the midsagittal plane of the left or 
right pedicle for measuring the pedicle height, whereby 
we assumed there was no difference between the left and 
right pedicle. Subsequently, CT images were transferred 
to a work station and reviewed with dedicated software 
(CuraSmartClient curasystems GmbH, Ettlingen, Germany). 
From the transverse images series, a single CT image 
through the mid level of the cranial third of the pedicle 
was selected for measuring. This level demonstrates 
individual features of each vertebra relative to adjacent 
vertebra. 

Eleven parameters were measured from the transverse 
images and four parameters from the sagittal images for 
each spinal level (Table 1, Figure 1-5). Parameters of the 
vertebral body, spinal canal and transverse processes 
were measured as described in human literature [23]. 

The vertebral body measurements (Figure 1,2) included 
the distance between the lateral borders of the vertebral 
body in the transverse plane of the cranial endplate, 
termed the vertebral body width (VBW), and the 
distance between the dorsal and ventral borders of the 
vertebral body, termed the vertebral body depth (WBD). 
The distance between the cranial and caudal endplates of 
the vertebral body at the dorsal margin was measured 
from the sagittal image was termed the vertebral body 
height dorsal (VBHd). The same distance at the ventral 
margin was termed the vertebral body height ventral 
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Table 1. Mean of Coefficient of variation (CV) values of 
thoracolumbar spine measurements of healthy Merino-sheep 

Dimension Abbreviations Mean CV % 



Vertebral body width 


VBW 


1 .5±0.6 


Vertebral body depth 


WBD 


1 .3±0.6 


Dorsal vertebral body height 


vbriu 


\ .0+U.4 


Ventral vertebral body height 


VBHv 


2.1 ±0.3 


Cortical bone thickness 


CBT 


3.6±0.6 


Disc thickness 


DT 


2.5±0.7 


Spinal canal width 


sew 


2.2±1.0 


Spinal canal depth 


SCD 


1.5±0.1 


Transverses process length 


TPL 


1.0±0.6 


Pedicle width 


PDW 


1.7±1.0 


Pedicle height 


PDH 


1 .4±0.5 


Pedicle axis length 


PAL 


1 .5±0.8 


Pedicle axis angle 


PAA 


1.9+1 .1 


Pedicle length 


PDL 


1.1 ±0.4 


Transverse pedicle angle 


TPA 


2.8±1.7 




Figure 1. Transverse CT image obtained at the cranial aspect 
of L5 of a 2-year-old clinically normal female Merino sheep 
illustrating the measurements obtained for T2 through L6. Left 
is right. The measurements of interest obtained for each of the 
thoracolumbar vertebrae were vertebral body width (VBW; 
widest distance between the lateral borders of the vertebral 
body), and vertebral body depth (VBD; distance between 
dorsal and ventral borders of vertebral body). 

(VBHv). Cortical bone thickness (CBT) was assessed as 
the distance between the outer and inner borders of the 
lateral part of the vertebral body on the transverse image. 
Disc Thickness (DT) was measured at the middle level 
of the intervertebral disc on the sagittal image. In this 
study, DT refers to the disc which located cranial to the 
mentioned vertebral level. The spinal canal parameters 
included spinal canal width (SCW) and depth (SCD) and 




Figure 2. Sagittal CT image with measurements on the T9 in a 
two-year-old female Merino sheep illustrating vertebral body 
height at dorsal border (VBHd; distance between the most 
dorsocranial and the most dorsocaudal point of the same 
vertebral body), vertebral body height at ventral border (VBHv; 
distance between the most ventrocranial and the most 
ventrocaudal point of the same vertebral body) and disc 
thickness (DT; distance between cranial and caudal vertebral 
epiphyses of adjacent vertebrae). Cranial is to the left. 

were measured on transverse images (Figure 3). SCW 
was measured as the distance between the axial pedicle 
cortices, while SCD was defined as the distance from the 
dorsal border of the vertebral body to the lamina at the 
midline. Transverse process length (TPL) was the 
distance between the tips of the transverse processes 
measured on the transverse image (Figure 3). 

The pedicle width (PDW) was also measured on the 
transverse image of each vertebra as the narrowest part 
of the pedicle (Figure 4). The pedicle height (PDH) was 
measured on the sagittal image in the same manner as 
PDW. The pedicle axis length (PAL) was measured from 
the dorsal cortex of the articular facet to the midpoint of 
the ventral vertebral body cortex on the transverse plane, 
while the angle between PAL and the vertebra sagittal 
midline was defined as the pedicle axis angle (PAA) 
(Figure 4). According to the location of the pedicle to the 
transverse process, the vertebrae were divided into types 
I and II. In type I, the pedicles were located ventrally to 
the transverse process. The pedicle length (PDL) was 
therefore measured as a distance between the dorsal 
pedicle cortex and the perpendicular line to the vertebral 
midline, which is tangent to the ventral border of the 
spinal canal (Figure 5). In type II, the pedicles were 
located dorsally to the transverse process. Thus, the PDL 
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Figure 3. Transverse CT images obtained at the level of T7 of 
the same sheep as in Figure 1. Left is right. Spinal canal width 
(SCW; widest distance between axial cortices of pedicles), 
spinal canal depth (SCD; distance between dorsal border of 
vertebral body and lamina at vertebrae midline) and transverse 
process length (TPL; distance between tips of transverse 
processes). 




Figure 4. Transverse CT image obtained at the cranial aspect 
of L5 in a two-year-old female Merino sheep. Left is right. 
Pedicle length (PDL; distance between dorsal vertebral cortex 
and junction between ventral border of transverse process and 
vertebral body because of the vertebrae type II [the pedicle 
locates dorsal to the transverse process]), pedicle width 
(PDW;widest distance between the axial and abaxial border of 
pedicle), pedicle axis length (PAL; distance from dorsal 
vertebral lamina cortex to midpoint of ventral vertebral cortex, 
pedicle axis angle (PAA; angle between PAL and vertebral 
midline) and sagittal midline (ML; line bisects the vertebrae to 
equal halves). 




Figure 5. Transverse CT image obtained at the level of T5 in a 
two-year-old female Merino sheep. Left is right. Pedicle length 
(PDL; refers to pedicle type I, which is located ventrally to the 
transverse process), sagittal midline (ML; line bisects the 
vertebrae to equal halves) and PL (perpendicular line to 
vertebral midline at the level of ventral border of the spinal 
canal). 



was measured as a distance between the dorsal pedicle 
cortex and junction point of the ventral border of the 
transverse process and vertebral body (Figure 4). The 
angle between the line halvings the pedicle and vertebral 
sagittal midline in the transverse plane was termed 
transverse pedicle angle (TPA). Each parameter was 
measured six times by the same observer (MM). 

Statistical analysis 

Intra-observer reliability was calculated. For each 
sheep three vertebral levels per parameter were randomly 
selected to detect the intra-observer reliability which was 
represented by the coefficient of variation (CV). One- 
way analysis of variance and the Scheffe test were used 
to determine differences between the vertebral levels for 
each parameter. Commercially available software was 
used for statistical analysis (Microsoft Excel 2010, 
Microsoft Deutschland GmbH, Unterschleissheim, 
Germany). The level of significance was set at P<0.0001. 

Results 

Repeated measurements of spinal parameters revealed 
a high level of reliability, where CV values of all 
parameters were less than 5% (Table 1). In Tables 2-4, 
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Table 2. Mean and standard deviation of CT measurements dimensions related to intervertebral disc and vertebral bodies of 
thoracolumbar spine of healthy Merino-sheep 





DT (mm) 


CBT (mm) 


VBHv (mm) 


VBHd (mm) 


VBD (mm) 


VBW (mm) 


T2 


2.1+0.7 abc 


2,3±1,8 


24.8±1.0 a 


25.0±1.1 a 


17.0±0.9 


26.7±0.9 


T3 


1 .9+0.6 abc 


1.3+0.3 


26.7±1 3 ac 


24.1±3.9 ac 


17.0±0.7 


25.4±1.1 


T4 


1.5±0.3 a ' c 


1.4±0.3 


26.5±0.7 ac 


25.6±1.6 ad 


16.4±0.9 


24.8±1.6 


T5 


1 .5±0.3 a ' c 


1.2+0.4 


25.7±0.7 ac 


26.4±1 .3 acd 


16.5±1.6 


24.0±0.9 


T6 


1.3±0.3 a 


1.3±0.4 


26.2±2.2 ac 


25.0±0.3 ac 


16.6±1.5 


24.4±0.8 


T7 


1 .6±0.3 ac 


1.3±0.4 


24.5±0.7 ad 


24.2±1 0 ac 


16.9±1.3 


24.6±0.5 


T8 


1.5±0.1 ac 


1.3±0.5 


25.5±1.1 ad 


24.9±0.7 ac 


18.5±3.3 


22.7±2.8 


T9 


1.6±0.3 a ' c 


1.4±0.2 


25.7±0.6 acd 


26.2±0.8 ac 


17.3+1.1 


24.8±2.7 


T10 


1.5±0.1 ac 


1.4±0.3 


27.2±1 .5 acde 


27.2±1.1 acde 


16.6+1.1 


23.2±1.6 


T11 


1.6±0.1 ac 


1.5±0.4 


28.2±4.0 acde 


30.4±2.6 abcde 


16.7±1.5 


24.6±2.0 


T12 


1.6±0.3 a ' c 


1.5±0.3 


29.7±2.0 abcde 


30.3±2.5 abcde 


16.1+1.3 


30.3±5.3 


T13 


1 .8±0.2 abc 


1.4+0.1 


32.5±2.0 bcd 


33.0±1.8 bcd 


16.5±1.7 


28.0±3.3 


L1 


3.3±1.0 bc 


1.8±0.6 


34.2±0.5 bcd 


36.2±0.8 bd 


18.3±0.8 


24.5±2.2 


L2 


2.6±0.5 abc 


1.4±0.3 


35.3±1.1 b < c ' d 


37.6±0.8 be 


17.7+1.1 


23.7±3.6 


L3 


2.6±0.5 abc 


1.5±0.5 


36.2±0.5 bc 


38.4±1.0 b 


18.0±1.9 


24.4±2.7 


L4 


2.7±0.5 abc 


1.4±0.5 


37.4±0.6 be 


39.2±0.9 b 


17.9±2.2 


24.0±3.1 


L5 


2.9±0.5 ac 


1.5±0.2 


38.9±0.3 be 


39.9±1.9 b 


17.1±2.1 


24.7±2.6 


L6 


2.9±0.3 ac 


1.4+0.2 


38.7±2.9 be 


40.7±1.0 b 


16.3±1.7 


32.0±7.3 


F 


10.042* 


0.873 NS 


16.816* 


22.664* 


1.005 NS 


3.304 NS 



*P<0.0001; N.S., not significant; different superscript letters in the same column are significantly different (P<0.0001).DT, disc thickness; 
CBT, cortical bone thickness; VBHv, vertebral body height ventral; VBHd, vertebral body height dorsal; VBW, vertebral body Width; 
VBD, vertebral body depth 



mean and standard deviation of the CT measurements in 
thoracolumbar spines of the investigated 5 Merino sheep 
are presented. 

The maximum value of VBHd was observed at L6 and 
the smallest at T3. VBHd was fairly constant at about 25 
mm in the cranial thoracic region, then increasing 
steadily until L6. For the VBHv, the maximum value 
was found at the level of L6 and the smallest at the level 
of T7. At the level of T10, VBHd and VBHv had a 
similar value. In the lumbar region, VBHd became larger 
than VBHv, as much as 1 .8 mm. DT ranged between 1 .3 
and 2.1 mm in the thoracic region, while in the lumbar 
region it showed greater values ranging between 2.6 and 
3.3 mm. It was as much as 1 .6 mm thicker in the lumbar 
than in the thoracic spine. Statistically significant 
differences (P<0.0001) were observed in VBHd, VBHv 
and DT between the vertebral levels from T2 to L6. At 
L6 level the maximum value of VBW was observed and 
the minimum at T8. The minimum value of WBD was 
found at T12 level and the maximum at T8. The 
vertebral body was wider than it was deep over the 
whole thoracolumbar spine, which was most obvious in 
the lumbar vertebrae. CBT showed the maximum value 



Table 3. Mean and standard deviation of CT measurements 
dimensions related to spinal canal and transverse processes of 
thoracolumbar spine of healthy Merino-sheep 





SCW (mm) 


SCD (mm) 


TPL (mm) 


T2 


15.6±1.0 abc 


12.4±0.9 a 


51.7±2.4 a 


T3 


14.5±0.3 a 


10.9±0,7 a ' b 


47.2±2.0 a 


T4 


13.7±0.5 a 


10.9±0.4 ab 


45.8±2.5 a 


T5 


13.3±1.6 a 


11.0+1.3 ab 


43.9±2.1 a 


T6 


11.8±0.5 a ' b 


10.5±0.8 ab 


40.2±4.2 a 


T7 


11.8±0.5 a 


10.5±1.1 ab 


42.8±2.1 a 


T8 


11.9±0.6 a 


9.8±0.6 a ' b 


45.2±2.8 a 


T9 


11.9±0.6 a 


9.6±0.4 ab 


46.7±2.4 a 


T10 


11.6±0.3 a 


9.4±0.6 b 


47.3±2.3 a 


T11 


12.2±0.5 a 


9.5±0.6 b 


49.8±6.8 a 


T12 


13.3±0.6 a ' c 


9.5±0.5 ab 


49.0±3.7 a 


T13 


13.2±0.9 a ' c 


9.4±0.8 b 


55.9±3.3 C <" 


L1 


9.8±0.6 a ' c 


9.8±0.7 ab 


94.2±9.2 C 


L2 


14.4±0.4 ac 


10.4±1.1 ab 


116.4±10.3 bc 


L3 


1 5.2+1. 1 abc 


10.0±1.2 ab 


123.4±11.7 b 


L4 


15.2±3.3 abc 


10.2±1.0 ab 


128.6±10.6 b 


L5 


16.9±1.2 b ' c 


10.7±1.0 ab 


130.9±10.6 b 


L6 


18.9±1.6 bc 


12.2±0.7 a ' b 


127.3±7.8 b 


F 


14.626* 


5.501* 


195.274* 



*P<0.0001; N.S. not significant; different superscript letters in the 
same column are significantly different (P<0.0001). SCW, spinal 
canal width; SCD, spinal canal depth; TPL, transverse process 
length 
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at T2 and the minimum at T5. There was no significant 
difference in VBW, VBD and CBT between the 
vertebral levels. The vertebral body and intervertebral 
disc measurements are listed in Table 2. 

The spinal canal was the widest at T2 in the thoracic 
region, then narrowing at T10 and increasing again in the 
lumbar region to reach the maximum width over the 
entire thoracolumbar spine at L6. SCD showed the 
maximum value at T2; then decreasing slightly at T10, 
thereafter increasing at L6. In the lumbar region SCW 
was as much as 5.4 mm larger than SCD, while the mid 
thoracic region showed the smallest spinal canal 
dimensions over the entire thoracolumbar region. The 
spinal canal showed a trend similar to the vertebral body, 
which was wider than it was deep over the whole 
thoracolumbar spine. LI was exceptionally different, the 
canal width and depth being equal. TPL decreased 
slightly from T2 to T12 and then reached the maximum 
value at level L5. The previous parameters are listed in 
Table 3. There were significant differences (P<0.0001) 
in previous parameters between the vertebral levels. 

Pedicle parameters are shown in Table 4. PDW ranged 
from 4.6 to 8.4 mm and showed an increase from the 
cranial thoracic spine toward the caudal level lumbar 
vertebrae reaching the maximum value at L5. PDH 
showed the lowest value at T2, while the highest value 
was observed at L5. PAL ranged between 26.7 and 37.1 
mm. T7 showed the maximum value in the thoracic 
region, then decreasing caudally at T12, which was the 
shortest length in the thoracolumbar spine, and increased 
again until L3. PAA decreased from T2 to T8, thereafter 
increasing until Til, and decreased again at level of T13. 
In the lumbar region, PAA showed a constant increase, 
reaching the maximum value in the whole of the 
thoracolumbar spine at L6. TPA was the greatest at T12 
level, decreasing caudally to this level until L6, while the 
lowest value over the whole thoracolumbar spine was 
observed at level T6. However, a significant (P<0.0001) 
difference was observed in all pedicle parameters 
between the vertebral levels. 

Discussion 

Human spines are difficult to obtain fresh and in large 
quantities for in vitro studies. Therefore, animal spines 
represent a suitable alternative. Sheep are claimed to be 
one of the most representative animal models for 
orthopaedic research [24] and precise morphometrical 



data are needed when sheep are used as a model for 
orthopaedic spinal research. The present study, therefore, 
provided CT reference values for the thoracolumbar 
spine of healthy sheep. 

A variety of animal species have been used as model 
for human orthopaedic studies. Martini et al. [24] 
compared the sheep to the other available animal models 
for human orthopaedic researches. They reported non- 
human primates provide an excellent model thanks to 
their analogy with humans, but are not cost-efficient, 
require stringent controls and could cause severe 
zoonotic diseases, as well as the ethical pressures of 
using this species. In spite the physiological similarity 
between human and pigs there are some problems 
limiting their use such as rapid body growth and weight 
which affect the long term orthopaedic studies. Small pig 
breeds can be used to minimize the previous problems 
but they are more expensive and sometimes difficult to 
recruit [24]. Because of the previously mentioned 
considerations, sheep are becoming popular as animal 
models in orthopaedic research. Furthermore, sheep are 
quite similar in body weight to humans, and sufficiently 
large to allow serial sampling and multiple experimental 
procedures. Wilke et al. [28] compared the quantitative 
biomechanical properties of the sheep spine to human 
and concluded there is biomechanical similarities of 
sheep and human spines and the sheep spine can serve 
as model for the evaluation of spinal implants. 

To obtain uniformity, the animals were of equal age, 
weight, sex and breed. The number of 5 animals used 
was the lowest possible to comply with the rules of 3R 
but sufficient enough to provide reliable data [5-8]. 
Sheep in the present study were female because 
osteoporosis studies are most commonly conducted on 
female gender. 

It could be argued that the number of sheep spines 
used was small. In order to overcome the problem of a 
small sample size, significance for analysis was set using 
a low p value (PO.0001). However, the nearly similar 
sheep dimensions and small variance around the mean 
indicated that a larger sample size was not necessary. 
Moreover, previous investigators had used comparable 
sample sizes for similar studies [25-29]. 

CT is the examination of choice for assessing the bony 
structures of the spine. The perceived image quality 
depends on the choice of imaging parameters and also 
on the post-processing, in particular the reconstruction 
algorithm and the reformatting parameters, as well as the 
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mode of display [30]. 

Dorsal recumbency is the position of choice for spine 
CT imaging, because it ensures minimal respiratory 
movements of the spine. In our study, sheep were 
positioned in sternal recumbency for two reasons: 
Firstly, with sternal recumbency, we could mimic the 
natural position of the spine as much as possible, 
particularly the kyphosis in lumbar spine. Secondly, this 
was performed to minimise the complications of general 
anaesthesia [31]. Short tube rotation time (0.75 second) 
setting was used to minimise the influence of respiratory 
movements on image quality [32,33]. 

Slice thickness affects an image's quality through its 
influence on spatial resolution. However, thin slice 
thickness reduces the amount of volume averaging and 
thus improves spatial resolution. For orthopaedic imaging, 
scanning with thin-slice collimation is preferable, ideally 
1.5 mm or less [30], Therefore, slice thickness in the 
current study was less than 1.5 mm. Decreasing slice 
thickness increases the image noise. To keep the noise at 
an acceptable level, high mA and wide window display 
should be used [32,33]. In the present study, therefore, 
CT scanning setting was 200 mA and 2000 Hounsfield 
units window width. These settings, moreover, are 
consistent with published spinal CT imaging protocol 
[33]. 

Pitch describes the relationship between the table 
increment during one full gantry rotation and the slice 
thickness [32,33]. Pitch is directly proportional to image 
blur. Therefore, a highly pitched CT scan results in a 
very blurry image. The pitch has to be less than 2 for 
orthopaedic imaging, which is often chosen significantly 
lower than this, around 0.3-0.5 for multi-slice CTs [30]. 
In this study, the pitch setting was within the 
aforementioned range (0.438). 

The picture archiving and communication system 
instrumentation permits manipulation of the CT data, 
with adjustment of contrast for optimisation of image 
quality and measurement of distance, area and angle. 
Nevertheless, potential sources of error remain. One 
source of error is the accurate identification of precise 
anatomical points [23]. Infra-observer tests were carried 
out to analyse the magnitude of such errors. We found 
that the intra-observer error was within the limit of 5% 
[34]. Inter-observer error was not assessed, as all 
measurements for this database were performed by a 
single observer in order to maximise the CT measurement 
accuracy [22]. 



The results of the current study showed that the 
vertebral bodies were wider than deep, most obviously 
in the lumbar vertebrae. The spinal canal has a similar 
behaviour like vertebral bodies, while it tends to have 
nearly an equal width and depth at the caudal thoracic 
region. The intervertebral discs were thicker in the 
lumbar than in the thoracic spine. The pedicles were 
higher and longer than they were wide over the entire 
thoracolumbar spine. 

We are aware of the elaborate work done by Wilke and 
co-workers [29]. They studied the anatomical dimensions 
of the vertebral body, pedicle, spinal canal, spinous and 
transverse processes, and articular facet and intervertebral 
disc for comparison with human data. Their database 
provides information regarding the anatomy of three- to 
four-year-old sheep. 

There is agreement between their results and our 
findings. However, the measurements of the previous 
study tended to be 1.4-5.9 times larger than the present 
study. The causes of the difference could be attributed to 
age variation, as we used a 2-year-old sheep, and 
measuring methods. Wilke et al. [29] used a manual 
measurement method on the cadaveric spine, while we 
used CT. The manual measurements based on Vernier 
caliper were rounded to the nearest millimetre, which 
represents a potential measurement error of the order of 
6-7% in measurements. Moreover, the irregular shape of 
the bony surfaces may induce some variability and or 
error when determining the dimensions of the vertebra 
[35,36]. 

In contrast to a previous study [29] the current study 
was carried out on live subjects and thus the influences 
of preservation methods on actual dimensions were 
excluded. Some parameters, such as PDL, PAL and 
PAA, have been reported here for the first time in sheep 
thoracolumbar spine. Therefore, it should be considered 
inevitable that sheep are used as a model for spinal 
fixation research [16]. 

The comparative biomechanical characteristics of the 
sheep were presented elsewhere [28]. We did not test the 
biomechanical properties of sheep spinal segments as 
this was not the aim of our study. However, the current 
results could be interpreted from a biomechanical perspective. 

A previous study carried out on ovine spine stated that 
the dorsoventral movement was the highest at the L6 
level [28]. The vertebral body shape has an influence on 
the spinal movements. However, the horizontal oval 
shape of the vertebral body facilitates the dorsoventral 
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Table 4. Mean and standard deviation of CT measurements dimensions and angels related to pedicles of five Merino-sheep 
thoracolumbar spine 





PDW (mm) 


PAL (mm) 


PAA(°) 


PDL (mm) 


PDH (mm) 


TPA O 


T2 


4.6±2.9 a 


31.1±4.3 ab 


26.3±1 .9 a b 


10.9±1.1 a 


12.0±1.2 acd 


15.9±9.3 abc 


T3 


5.0±0.7 ab 


28.6±1.7 ab 


25.1±2.5 a 


9.7±0.9 ab 


1 3.0±1 .9 acd 


7.2±5.5 ab 


T4 


6.2+1 .9 ab 


31.9±4.5 ab 


24.5±1 3 a 


10.4±0.5 ab 


13.6+0.9 a 


7.2±4.8 a 


T5 


6.2±0.8 ab 


33.0±4.6 ab 


24.1±1.2 a 


10.8±1.4 ab 


13.6±0.5 ac 


5.5±1.7 a 


T6 


6.7+1. 1 ab 


33.5±3.8 ab 


23.5±1 9 a 


12.1+1 3 ab 


13.5±1.2 a 


4.36±3.4 a 


T7 


7.0±0.9 ab 


35.0±2.1 ab 


23.6±1 9 a 


12.3±2.0 ab 


14.0±1.1 a 


5.7±4.5 a 


T8 


7.2±0.9 ab 


34.8±1 .5 ab 


22.6±1.4 a 


11.7±0.9 ab 


14.4±1.3 a 


7.0±3.6 ab 


T9 


6.7±0.6 ab 


33.8±1.4 ab 


23.6±1.4 a 


11.1±1.0 ab 


16.2±1.1 a 


6.4+5.3 a 


T10 


7.0±0.5 ab 


31 .2±2.4 a ' b 


25.1±1.3 a 


11.9±0.9 ab 


17.8±2.0 ac 


9.4±5.4 a 


T11 


7.8±0.8 ab 


28.8±1.9 ab 


26.8±2.4 a ' b 


12.2±0.7 ab 


1 8.5±1 .4 acd 


23.0±3.4 a 


T12 


6.3+1 .9 ab 


26.7±2.2 a 


23.6±4.4 a 


13.6±1.9 ab 


19.3±1.8 C 


28.6±3.0 C 


T13 


5.2±0.5 ab 


30.4±3.7 ab 


22.1±1.0 a 


16.1±3.0 b 


23.1±3.5 bc 


21.0±4.4 a ' bc 


L1 


6.0+1 .0 ab 


33.6±4.0 ab 


22.4±1.3 a 


13.1±2.6 ab 


23.9±3.3 bc 


17.3±7.4 abc 


L2 


7.3±0.6 ab 


36.1±1.5 ab 


24.7±0.8 a 


11.2±0.9 ab 


27.9±1.3 b 


21 .1±3.6 abc 


L3 


7.7±1 .6 ab 


37.1±1.1 b 


25.7±1 5 a 


11.3±1.8 ab 


28.8±1.3 b 


18.5±2.5 a < b ' c 


L4 


8.2±0.7 ab 


36.7±1.9 b 


26.5±1 .2 a b 


11.3±0.9 ab 


27.5±1.4 b 


19.0±3.8 a ' bc 


L5 


8.4±0.5 b 


36.5±1.2 ab 


27.5±0.8 ab 


12.9±2.6 ab 


29.0±1.5 b 


15.5±2.5 abc 


L6 


8.3±1.6 b 


35.2±2.8 ab 


32.0±1.7 b 


12.1±2.1 ab 


27.2±1.9 b 


12.5±4.3 abc 


F 


4.377* 


5.734* 


7.929* 


3.151* 


63.169* 


12.141* 



*P<0.0001; N.S., not significant; different superscript letters in the same column are significantly different (P<0.0001). PDW, pedicle 
width; PAL, pedicle axis length; PAA, pedicle axis angle; PDL, pedicle length; PDH, pedicle height; TPA, transverse pedicle angle. 



movements [37]. In our study L6 had the most horizontal 
oval vertebral body over the whole of the thoracolumbar 
spine, which can explain the observation of the highest 
range of dorsoventral movement at this level. 

In humans, spinal canal dimensions have an influence 
on spine dorsoventral movement, where greater spinal 
canal dimensions facilitate the flexion motion [38,39]. In 
the current study, the spinal canal dimensions were the 
greatest at L6 and the lowest at T10. Based on these 
results, we expect the highest flexion to be at L6 and the 
lowest at T10. A biomechanical study carried out on 
sheep spine revealed that flexion was the highest at the 
L6 level (5.29°±0.82) and the lowest at T10 (1.93°±0.3) 
[28], which confirms our expectations. 

In humans, the pedicle represents a stronger site for 
screw placement than the vertebral body. The trabeculae 
in the pedicle appear to be thicker and stronger. 
Moreover, the pedicle cortex is thicker allowing the 
screw threads to engage with cortical bone [16]. Pedicle 
morphometry plays an important role in transpedicular 
screw fixation, because it is related to screw placement 
[16]. The diameter of the screw should be 80% or less 
of the diameter of the pedicle [23]. Therefore, the current 
study presents the needed precise morphometrical data 
for using sheep as a model for transpedicular fixation 
research. 



It was interesting to note that the PDW increased from 
cranial thoracic spine to caudal level lumbar vertebrae. 
PDW determines the diameter of appropriate transpedicular 
screws, the wider pedicle allowing the use of a thicker 
screw, which provides greater fixation. 

No previous studies quantitatively measured PAL, 
PDL and PAA in the thoracolumbar spine of sheep, 
knowledge of which is important for transpedicular 
screw placement and prevention of perforation of the 
ventral aspect of the cortex by the screws and injury to 
vital structures. 

PDL and PAL defined the minimum and maximum 
length of screw needed to obtain a grip on the entire 
pedicle, respectively. In our study, PDL was as much as 
29.2-53.0% of PAL. Thus, a transpedicular screw length 
should be at least 53.0% of PAL. PAA may be an 
important parameter for correct pedicle screw placement. 
In humans, Louis [40] and Roy-Camille et al. [41] 
recommend that a pedicle screw should be inserted in a 
straight (vertical) direction. In contrast, Krag et al. [16] 
and Zindrick et al. [42] believe that insertion of the 
pedicle along the medial trajectory is a safer technique. 
Jahng et al. [43] reported in their experiments on sheep 
lumbar spine that there is a noticeable difference 
between the TPA and PAA, which is consistent with the 
current results. The difference between the TPA and 
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PAA is most likely due to the different vertebral types 
(type I or II). Therefore, we predict a high misplacement 
rate when a pedicle screw is inserted in a straight 
direction. 

In the lumbar region, DT was as much as 57.4% 
thicker than those in the thoracic vertebrae. A thicker 
disc provides more mobility than a thinner one [44]. In 
contrast, transverse processes were longer in the lumbar 
than in the thoracic region, which can explain the 
restriction of lateral bending and axial rotation in the 
lumbar compared to the thoracic region [28]. 

A limitation of this study could be the accuracy of the 
small measurement such as thickness of the cortical bone 
(less than 2 mm). This questionable, due to the influence 
of the volume averaging artefact. Therefore, a thin slice 
thickness was set to minimise the volume averaging 
effect. 

In conclusion, this study provided a comprehensive 
quantitative database of the normal sheep thoracolumbar 
spine. This descriptive information can be used to help 
determine whether the sheep spine can be a representative 
model for testing a certain application. When testing new 
implants and surgical techniques, i.e. intrapedicular 
screw, scaling differences should be taken into account 
to select the suitable implants' size for application. 
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